Heterozygous loss-of-function mutations in GRN, the progranulin gene, which result in progranulin (PGRN) protein haploinsufficiency, are a major cause of frontotemporal lobar degeneration with TDP-43 proteinopathy (FTLD-TDP). PGRN is composed of seven and a half repeats of a highly conserved granulin motif that is cleaved to produce the granulin peptides A-G and paragranulin. To better understand the role of PGRN and granulin (Grn) peptides in the pathogenesis of neurodegeneration, we evaluated PGRN/Grn in brains of patients with Alzheimer disease, FTLD-TDP type A with or without GRN mutations, and normal individuals, using a panel of monoclonal antibodies against Grn peptides A-G. In the neocortex, Grn peptide-specific immunostains were observed, for example, membranous Grn E immunopositivity in pyramidal neurons, and Grn C immunopositivity in ramified microglia. In the hippocampus, Grn immunopositivity in the CA1 and CA2 regions showed diseasespecific changes in both neurons and microglia. Most interestingly, in FTLD-TDP type A with GRN mutations, there is a 60% decrease in the density of Grn-positive microglia in the hippocampal CA1, suggesting that haploinsufficiency of the GRN mutations also extends to PGRN expression in microglia. This study provides important insights into future studies of the pathogenesis and treatment of FTLD-TDP.
INTRODUCTION
Frontotemporal dementia is the second most common dementia in patients younger than 65 years of age (1, 2) . Pathologically, most cases have frontotemporal lobar degeneration (FTLD) with neuronal and glial inclusions containing either tau or transactive response DNA-binding protein of 43 kDa (TDP-43, FTLD-TDP) (3) (4) (5) (6) (7) (8) (9) (10) . Heterozygous loss-of-function mutations in GRN, the progranulin gene, are associated with FTLD-TDP type A .
GRN encodes progranulin (PGRN), a 593 amino acid (aa) cysteine-rich, secreted protein with a predicted molecular mass of 63.5 kDa . PGRN is expressed in multiple peripheral tissues, and has roles in cancer, inflammation, and metabolic disease (19, 20) . In the CNS it functions as a growth factor (21, 22) or anti-inflammatory agent (23, 24) . The PGRN holoprotein can be cleaved by proteolytic enzymes into seven and a half individual granulin (Grn) peptides (19) , whose functions in the peripheral tissues seem to oppose those of full-length PGRN in processes such as inflammation, cell growth, and survival (19, 22, 25, 26) . The existence and functions of Grn peptides in the brain are unknown. However, studies suggest that Grn peptides may play important roles in the pathogenesis of neurodegenerative diseases (27) . Using a Caenorhabditis elegans FTLD-TDP model, Salazar et al showed that Gran 3 (equivalent to human Grn E) had toxic effects (27) . The same group also showed that a granulin cleavage product was overrepresented in diseased brain regions of Alzheimer disease (AD) and FTLD patients (27) .
In addition, heterozygous loss of the GRN gene, which is believed to act through a haploinsufficiency mechanism (28) , leads to FTLD-TDP, most often type A (3) (4) (5) (6) (7) (8) 29) . However, homozygous mutations in GRN are associated with a distinct disease, neuronal ceroid lipofuscinosis, which is characterized by the storage of abnormal lipopigment in lysosomes (30) . Grn peptides are present in GRN haploinsufficiency but not null states, which suggests that the presence of Grn peptides might modulate disease phenotype.
Neuropathologically, GRN associated FTLD-TDP type A cases show cerebral atrophy that is most prominent in the frontal lobes. Most cases have significant loss of pyramidal neurons in the hippocampal CA1 region and subiculum (hippocampal sclerosis [HS] ). In addition, caudate atrophy and loss of pigmented neurons in the substantia nigra are consistent findings as well (31, 32) . Immunohistochemically, the neocortex contains TDP-43-immunopositive inclusions, which are mostly localized in the upper layers, and composed of short dystrophic neurites, neuronal cytoplasmic inclusions, and lentiform to round neuronal intranuclear inclusions. Similar TDP-43 pathology can also be found in striatum. In hippocampus, while neuronal cytoplasmic in the dentate granule cells vary in numbers, it is common to find frequent TDP-43-positive dystrophic neurites in the CA1 region . In addition to FTLD-TDP, TDP-43 pathology has now been detected in 25%-50% of cases of AD , especially those with greater AD pathology, as well as AD with HS. HS is manifested by selective neuronal loss affecting CA1 sector of the hippocampus, and 85% of HS cases, with or without AD, have TDP-43 inclusions (35, .
The link between Grn peptides and FTLD-TDP type A pathology is still unknown. We hypothesized that if Grn peptides are present in the brain, and contribute to the pathogenesis of FTLD-TDP type A, they would likely exhibit different immunostaining patterns in vulnerable regions of brain tissue from patients with FTLD-TDP with and without GRN mutations and from patients with AD, with and without HS. To better understand the roles of PGRN/Grn peptides in the pathogenesis of neurodegeneration, the distributions of PGRN and Grn peptides were evaluated in frontal cortex and hippocampus from patients with AD, AD with HS (ADHS), FTLD-TDP type A with or without GRN mutations, and normal controls. In our previous studies, we produced monoclonal antibodies (mAbs) against each Grn peptide: A, B, C, D, E, F, and G (40, 41) . These antibodies all showed sensitivity and specificity for immunohistochemistry, Western blot, and ELISA (40, 41) . With the aid of the full panel of anti-Grn antibodies, we showed disease-, region-, and Grn peptide-specific Grn immunopositivity in AD and FTLD-TDP brains.
MATERIALS AND METHODS

Human Samples
Paraformaldehyde-fixed, paraffin-embedded human brain samples from 31 cases were acquired from the Neuropathology Core of the Northwestern University Cognitive Neurology and Alzheimer Disease Center. Demographic and neuropathologic data for these cases is presented in Table 1 . The cases were subdivided into five groups: Normal control (CON), AD, ADHS, FTLD-TDP type A with or without GRN mutation. Pathologic characterization was made by board-certified neuropathologists following consensus criteria (6, 9, 10, 42) . GRN gene mutations are described in Table 2 , which also includes the ABC scores of AD neuropathologic change (43, 44) of each case. Informed consent was obtained for all studies.
Tissue Staining
Paraffin-embedded tissue sections from middle frontal gyrus and hippocampus were cut to a thickness of 5 lm for immunohistochemical analysis. First, antigen retrieval was performed in the Decloaking Chamber (Biocare medical, Pacheco, CA) for 15 minutes using a citrate buffer, pH 6.0. Sections were then placed in 3% H 2 O 2 in methanol for 30 minutes. Following washes in distilled water, sections were blocked in 5% goat serum at room temperature for 1 hour. Sections were then incubated in primary antibodies including IBA-1 (goat polyclonal, 1:1000, Abcam, Boston, MA), Grn A, B, C, D, E, F, G (mAbs, 1:100, homemade [41, 42] ), tau (AT8, mAb, 1:500, Thermo, Waltham, MA), phosphorylated TDP-43 (pS409/410-2, rabbit polyclonal, 1:2500, CosmoBio, Carlsbad, CA), and beta amyloid (4G8, mAb, 1:1000, Biolegend, San Diego, CA) overnight at 4 C. Biotinylated secondary antibodies (DAKO. Carpinteria, CA) were amplified using avidin-biotin substrate (ABC solution, DAKO), followed by color development in DAB chromogen (K4007, DAKO).
MAbs against Grn A, B, C, D, E, F, G were home-made, and will be available upon request. The production of these antibodies was demonstrated in the previously published papers (40, 41) . MAbs against Grn A, B, and C were shown to be specific for its own Grn domain (40) . In this study, we confirmed that mAbs against Grn D, E, F, and G also only recognized its own Grn domain (Supplementary Data Fig. S1 ). In addition, absorption control was used to further confirm the specificity of these antibodies. Specifically, each of the 7 mAbs was preabsorbed with the corresponding antigenic peptide (1 mg/mL) (Sigma-Aldrich, St. Louis, MO) prior to the application of the antibody to the brain tissue. The immunostaining results of these antibodies only showed weak background signals.
Quantitation
Cases were examined by neuropathologists blinded to clinical and pathologic diagnoses as well as GRN status. Regions of the hippocampus individually analyzed were the 4 subdivisions of Ammon's horn, C1, CA2, CA3, and CA4. The delineation of the 4 subdivisions was performed according to the previously described method (45) . Microglia were counted using a 40Â objective with a grid (250 Â 250 mm 2 ) in a minimum of 5 microscopic grid fields per subdivision (46) . Field selection was performed by choosing 5 evenly spaced fields along the hippocampal pyramidal layer of each subdivision. Results are given as mean objects per unit area (mm 2 ). Microglial cells that had stained cytoplasmic processes and contained a nucleus in the plane of section were counted.
Group effects within and between subdivisions of the hippocampus were evaluated using the Student t test, one-way analysis of variance, or both. Differences between means were considered significant at p < 0.05.
RESULTS
Immunostaining Pattern of Anti-Grn mAbs in the Normal Cerebral Cortex
The immunostaining pattern for each anti-Grn mAb was evaluated in the neocortex of normal controls (Figs. 1, 2) . All of the antibodies demonstrated diffuse cytoplasmic reactivity in cortical neurons, with stronger intensity in the pyramidal neurons. In addition, the anti-Grn E mAb also showed immunopositivity of the cytoplasmic membrane in scattered pyramidal neurons. Microglia and macrophages had granular cytoplasmic positivity with all of the mAbs. In addition, the antiGrn C mAb also revealed a population of ramified microglial cells with abundant processes that were not labeled by the other anti-Grn antibodies. Overall, the immunostains of the anti-Grn A and B mAbs were stronger in neurons; those of anti-Grn D, F, and G mAbs were stronger in microglial cells; the anti-Grn C mAb had strong labeling in both neuronal and microglial cells; and the anti-Grn E mAb strongly labeled cytoplasmic membrane of occasional pyramidal neurons.
Immunostaining Pattern of Anti-Grn mAbs in the AD and FTLD-TDP Type a Neocortex
Tissues from the frontal cortices of patients with AD and FTLD-TDP type A with or without GRN mutation were evaluated immunohistochemically with anti-Grn mAbs (Fig. 3) . Compared with normal controls, overall, Grn immunopositivities in the neurons were decreased in AD and FTLD-TDP type A with/without the GRN mutation samples; and, as expected, the changes were in line with the severity of neuronal loss and gliosis. The densities of Grnimmunopositive microglial cells were greater in AD and FTLD-TDP type A with or without GRN mutation compared with normal controls. Furthermore, these changes were proportional to the increase in densities of the total microglial population, as revealed by IBA-1 immunostains (47-9) (semiquantification data not shown). In addition, we observed that Grn C-positive ramified microglia showed different distribution patterns in these diseases (Fig. 4) . In the frontal cortices of normal controls and AD patients there were patchy transcortical Grn C-positive ramified microglia, seemingly corresponding to amyloid/tau deposits. In some GRN mutation-associated FTLD-TDP cases, especially those without amyloid deposits in the neocortex (Table 2 ), Grn C-positive ramified microglial cells were mainly located in cortical layer 3, while TDP-43-positive inclusions were mostly located in layer 2. Grn C-positive ramified microglial cells were overall rare in the other FTLD-TDP type A cases with or without GRN mutation. There were only scattered pyramidal neurons with membranous Grn E-immunopositivity in normal controls, AD, and FTLD-TDP type A without GRN mutation groups, but in FTLD-TDP type A with GRN mutation, both the densities and staining intensities of neurons with such Grn E-immunopositivity were markedly increased (Fig. 3) .
Immunostaining Pattern of Anti-Grn mAbs in AD and FTLD-TDP Hippocampal Neurons
Immunohistochemistry using anti-Grn mAbs revealed labeling of hippocampal pyramidal neurons. All anti-Grn mAbs revealed diffuse cytoplasmic reactivity of hippocampal pyramidal neurons, with the anti-Grn B mAb having the strongest staining intensity (Fig. 5) . In control individuals, anti-Grn B mAb revealed moderate immunopositivity in hippocampal regions CA1, 2, 3, and 4, with a staining intensity slightly J Neuropathol Exp Neurol • Volume 76, Number 11, November 2017 Granulin Immunopositivity in AD and FTLD lower in CA1 region. The staining intensity of the neurons in CA1 was further decreased in those cases with HS; however, interestingly, the staining in CA2 of these cases tended to increase (Fig. 5) . The staining intensity in CA3 and CA4 showed no significant differences between diseases. The anti-Grn A mAb, another antibody showing good sensitivity for neurons, revealed changes in the hippocampus similar to those of the anti-Grn B mAb.
Immunostaining Pattern of Anti-Grn mAbs in AD and FTLD-TDP Hippocampal Microglia
The anti-Grn D mAb was used to evaluate the microglial population because this antibody was found to be the most sensitive microglia cell marker among the anti-Grn mAbs, although the anti-Grn G mAb was also a good microglial marker. Furthermore, anti-IBA-1 antibody (47-9) was used to reveal the total microglial population.
IBA-1-positive microglia showed morphologic heterogeneity in the hippocampus, consistent with findings previously described by Bachstetter et al (50) . Specifically, ramified microglial cells were mainly seen in normal control and AD hippocampi; hypertrophic microglial cells were more commonly seen in ADHS hippocampi, and scattered, rod-shaped microglia were observed in all disease groups. The densities of IBA-1 positive microglia (number/mm 2 ) showed no significant differences between the control and AD samples, nor between ADHS and FTLD-TDP type A with or without GRN mutation, in all 4 hippocampal regions studied. There were more IBA-1-positive microglial cells in the CA1, CA2, CA3, and CA4 regions of ADHS and FTLD-TDP type A with or without GRN mutation, compared with control and AD hippocampi (p < 0.05). FIGURE 1. Cellular immunostaining patterns of anti-Grn mAbs. All of the anti-Grn mAbs revealed diffuse cytoplasmic positivity in neocortical neurons, which were stronger in the pyramidal neurons (A, illustrated by anti-Grn A antibody). The anti-Grn E mAb also showed a membranous staining in scattered neurons (B). Except for a ramified microglial population revealed by the antiGrn C mAb (C), all of the anti-Grn mAbs showed granular cytoplasmic positivity of microglia and macrophages (D, E, illustrated by anti-Grn D antibody). Scale bar: 100 mm.
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Grn D-positive microglial cells had fine granular cytoplasmic immunostaining (Fig. 6) . Quantitative analysis showed that the densities (number/mm 2 ) of Grn D-and IBA-1-positive microglial cells were not significantly different in any of the 4 regions, except CA1. In the CA1 regions of the control and AD hippocampi, the ratios of the densities of FIGURE 2. Immunostains with anti-Grn mAbs of normal neocortex. The labeling of anti-Grn A and anti-Grn B mAbs was stronger in neurons; that of anti-Grn D, F, and G mAbs were stronger in microglial cells; and that of anti-Grn C was strong in both neuronal and microglial cells. Arrow shows a Grn C-immunopositive, ramified microglial cell with abundant processes. Anti-Grn E shows membranous immunopositivity in the pyramidal neurons. Scale bar: 100 mm.
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Granulin Immunopositivity in AD and FTLD Grn D-to IBA-1-positive microglial cells were about 0.5 (Table 3 ). This ratio was slightly increased up to 0.8 in ADHS and FTLD-TDP type A without GRN mutation, at the same time that the total number of microglia was increased, indicating an overall microglial activation in CA1. In FTLD-TDP with GRN mutation, the CA1 region also showed increased total microglial number, but the Grn Dpositive microglia represented only 30% of the total population (Figs. 6, 7; Table 3 ). In addition, the anti-Grn G mAb, another antibody showing good sensitivity for microglia, revealed similar changes in hippocampi. TDP43 immunostaining revealed frequent CA1 fine dystrophic neurites in 5 out of 6 cases of ADHS, 3 out of 6 cases of FTLD-TDP type A without GRN mutation, and 6 out of 8 cases of FTLD-TDP type A with GRN mutation. The remaining FTLD-TDP type A with or without GRN mutation cases had no or sparse TDP-43 positive CA1 dystrophic neurites, and all had severe HS. There was no linear correlation between the density of the Grn-positive microglia in CA1 region and the severity of HS, and CA1 TDP-43 pathology. Representative images (the upper 4 panels) of immunostains by the anti-Grn C mAb showed decreased immunopositivity in neurons, and increased numbers of microglia cells in the middle frontal cortices of patients with AD, and FTLD-TDP type A with or without GRN mutation, when compared with the controls. Similar results were obtained from all other mAbs. In the cortex from AD, and FTLD-TDP type A with GRN mutation, anti-Grn C mAb also labeled a group of ramified microglia cells with abundant processes (arrows). The bottom 2 panels showed that Grn E-positive neurons were markedly increased in number in FTLD-TDP type A with GRN mutation, when compared with controls and the other diseases. Scale bar: 100 mm. CON, control; AD, Alzheimer disease; FTLD-TDP type A, FTLD-TDP type A without GRN mutation; GRN, FTLD-TDP type A with GRN mutation; Grn C, anti-Grn C mAb; Grn E, anti-Grn E mAb.
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DISCUSSION
In this study, neocortical and hippocampal tissues of patients with AD, ADHS, and FTLD-TDP type A with or without GRN mutation were evaluated immunohistochemically with mAbs created against different Grn peptides. Results showed Grn peptide-, disease-, and region-specific immunostaining patterns in the neocortex and hippocampus of patients with these diseases.
Consistent with previous immunohistochemical studies with different anti-PGRN antibodies (14, 51, 52) , all of our mAbs against Grn peptides revealed diffuse cytoplasmic positivity in neurons, and strong staining of microglia. These staining patterns most likely represent the expression and distribution of full-length PGRN in the neural tissue, which we expected all of these anti-Grn mAbs to recognize. We also noticed variation in the staining intensities of different anti-Grn antibodies in the neurons and microglia of normal control neocortices. Whether this indicates Grn peptide-specific staining is not clear.
In peripheral tissues, full-length PGRN is involved in multiple biological functions, such as wound healing, tumorigenesis, and inflammation (19, 20) . The holoprotein can be cleaved into individual Grn peptides, whose functions seem to oppose those of PGRN (19, 22, 25, 26) . In the central nervous system, full-length PGRN has been reported to be related to neurite outgrowth and neuroinflammation (21, 22, , though the existence and function of Grn peptides are still unknown. In a C. elegans FTLD-TDP model, expression of Gran 3 (the equivalent of human Grn E) has been shown to impair the reproduction, development, and growth of the animals (27) . Using an anti-Grn E antibody in Western blot studies, the same group also revealed a 33 kDa PGRN cleavage product in diseased brain regions from AD and FTLD patients, suggesting that a PGRN cleavage product exists (27) . In this study, FIGURE 4 . Grn C-immunopositive ramified microglia had different distribution patterns in the frontal cortices of patients with different diseases. In the frontal cortices of AD patients and normal aging controls, Grn C-positive ramified microglia had a transcortical distribution that may correlate to amyloid/tau deposits, as revealed by Abeta and AT8 immunostaining. In some FTLD-TDP type A with GRN mutation cases, Grn C-immunopositive ramified microglia cells were localized in layer 3 of the frontal cortex, while TDP-43-positive inclusions were mainly in layer 2. Inset in the right lower panel, TDP-43 neuronal intranuclear inclusion. Bar, 100 mm. GRN, FTLD-TDP type A with the GRN mutation; AD, Alzheimer disease.
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Granulin Immunopositivity in AD and FTLD FIGURE 5. Neuronal PGRN expression in the hippocampi of the different diseases, evaluated by the anti-Grn B mAb. Anti-Grn B mAb reveals weak immunopositivity in hippocampal CA1, and moderate immunopositivity in hippocampal CA2, 3, and 4 of the control (not shown) or AD. Compared with the control (not shown) or to AD, the intensity of the immunostains was lower in the CA1 regions of ADHS, FTLD-TDP type A without GRN mutation (not shown), and FTLD-TDP type A with GRN mutation samples due to neuronal loss and gliosis in this region. Compared with the control (not shown) and to AD, the immunostaining intensity was higher in the CA2 regions in FTLD-TDP type A without GRN mutation (not shown) and FTLD-TDP type A with GRN mutation samples, while no significant difference was found between ADHS and AD or the controls. CA3 and CA4 showed no significant differences in immunostaining intensity between the different diseases. Bar, 100 mm. AD, Alzheimer disease; ADHS, Alzheimer disease with hippocampal sclerosis; GRN, FTLD-TDP type A with GRN mutation.
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Grn peptide-specific immunostains demonstrated, for example, membranous Grn E positivity in pyramidal neurons in the neocortex, the pattern of which was only seen with the antiGrn E (and not with the other) mAb. Our study also showed that Grn E positivity was higher in the frontal cortex of FTLD-TDP type A with GRN mutation only, suggesting that the Grn E peptide or PGRN cleavage product containing Grn E not only exists in the human brain, but also plays a role in the The density of Grn Dpositive microglia was compared between FTLD-TDP type A with and without GRN mutation, and statistical significance was determined by Student's t-test (#p < 0.05). CON, normal control; AD, Alzheimer disease; ADHS, Alzheimer disease with hippocampal sclerosis; FTLD-TDP type A, FTLD-TDP type A without GRN mutation; GRN, FTLD-TDP type A with GRN mutation; Grn D, anti-Grn D mAb.
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Granulin Immunopositivity in AD and FTLD pathophysiology of neurodegeneration. It is known that neurite outgrowth is mediated by extracellular PGRN (22, 54, , which can be endocytosed through binding to the sortilin receptor via its C terminus, and delivered to lysosomes (58, 59) . Interestingly, the C terminal Grn peptide, Grn E, has been shown to be fully sufficient for binding to sortilin (59) . Hence, it will be interesting to see if sortilin colocalizes with the membranous Grn E immunopositivity in future in vitro and in vivo studies.
In microglia, PGRN is constitutively expressed and secreted (24, 60) . It has an anti-inflammatory role: The absence of PGRN in microglia causes increased production and release of multiple cytokines, such as interleukin-6, in response to an inflammatory stimulus (24, 60) . So far it is unclear whether single Grn peptides mediate neuroinflammation in human brains. In the current study, the anti-Grn C mAb revealed a unique, ramified microglial population, which had a distinct band-like distribution pattern in the frontal cortex of FTLD-TDP type A with GRN mutation. These data suggest the existence of individual Grn peptides in microglial cells. The presence of a single peptide out of the set of peptides as well as the absence of the precursor, raises the possibility that these cells have taken this particular granulin up from the surrounding environment, rather than generating it themselves. This might be biologically meaningful but could also represent nonspecific phagocytosis.
The hippocampus is an ideal structure for performing a regional analysis. If the PGRN/Grn peptides contribute significantly to neuropathologic changes, then vulnerable regions of brain tissue would likely exhibit different PGRN/Grn peptide distributions. In this study, both the anti-Grn A and anti-Grn B mAbs revealed similar changes in hippocampal neurons, hence, these changes might represent that of the expression of the full-length PGRN. We found that the intensity of the antiGrn B immunopositivity in the pyramidal neurons was lower in the CA1 regions of patients with ADHS and FTLD-TDP type A with or without GRN mutation. These changes correlate with neuronal loss and gliosis in these regions. Interestingly, the Grn B immunostaining intensity was markedly increased in the CA2 regions of these cases. Whether it is a compensatory response inside the hippocampal circuitry of CA2 to CA1 injury is unknown.
Microglial regionalization in the hippocampus has been previously reported. Vinet et al reported that in response to Nmethyl-D-aspartate (NMDA) challenge, microglia within CA1 adopt an activated morphology, while microglia within protected regions retain a ramified appearance (61, 62) . Sanchez-Mejias et al recently demonstrated the existence of a significant microglial degenerative process in the human AD hippocampus, which was more prominent in the hilar region of the dentate gyrus and the CA3 region of the hippocampus than in other regions (63) . Region-and disease-specific activity of Grn D-immunopositive microglial cells was also noted in this study. These changes might represent that of full-length PGRN, because similar findings were observed by using the anti-Grn G antibody. We found that in 2 settings with abnormal hippocampal TDP-43-AD with HS and FTLD-TDP without GRN mutation-both Grn-immunopositive and total microglia were activated in CA1, suggesting that TDP-43 deposition in the hippocampus is associated with microglial proliferation. In FTLD-TDP with GRN mutation, the CA1 region also showed increased total microglial number, but the number of Grn-positive microglia was only 30% of the total population. In other words, there is a 60% decrease in the density of Grn-positive microglia in the hippocampal CA1, when compared with FTLD-TDP without GRN mutation. These data suggest that the haploinsufficiency of GRN mutations also extends to PGRN expression in microglia. Interestingly, Cases 1, 3, 4, and 6 (Table 2) , which have mutations that are predicted to reduce the levels of progranulin message upstream of the Grn D region, showed overall lower levels of Grn D immunopositivity in microglia in the hippocampi than the other 4 cases, but there was no statistically significant difference because of the small sample size (data not shown). In addition, the granular cytoplasmic staining in microglia, clearly demonstrated by anti-Grn D antibody, strongly suggested a lysosomal distribution of full-length PGRN or Grn peptides in microglia, for which we will confirm by double immunofluorescence staining in our future study.
A pathologic consequence of decreased PGRN-positive microglia in the CA1 region of patients with the GRN mutation is the possible loss of immunological protection. Studies have shown that microglial cells are implicated in the maintenance of synaptic integrity (64) , and play a role in removing damaged neurons and neuronal components. Deficiencies in key genes for microglial survival and/or proliferation lead to compromised functions. For example, deficiencies in the key genes CSF1R or TREM2 are associated with the rare hereditary neurodegenerative diseases, adult-onset leukoencephalopathy with axonal spheroids, and Nasu-Hakola disease, respectively (65-7). The microglial dysfunction in GRN mutants has been primarily associated with overactivation and cytotoxicity of these cells. Chen-Plotkin et al observed that GRN mutation carriers have increased levels of mRNA transcription in brain regions severely affected by disease, for example, frontal and temporal cortices. Moderate microglial infiltration was observed in these regions, and is the most likely cellular source of this message (51) . Yin et al demonstrated that brains of PGRN-deficient mice displayed greater activation of microglia and astrocytes than aged wild type mice. PGRN-deficient macrophages and microglia were cytotoxic to hippocampal cells in vitro (23) . Furthermore, Martens et al showed that when exposed to the neurotoxin MPTP, both global GRN knockout and microglia-specific GRN knockout mutant mice showed a much more robust increase in microglial activation and neuronal loss (24) . We do not know what determines the regionalization of PGRN-positive microglial cells and neurons. However, the decreased neuronal and microglial Grn immunopositivity specifically in the CA1 region of GRN mutation carriers might indicate reduced neurotrophic support together with deficient immunoprotection in this region. These changes might be related to the development of HS and/or TDP-43 pathology in CA1 of these patients, which would indeed contribute to the progression of FTLD pathology and cognitive impairment.
In summary, disease-, region-, and Grn peptide-specific immunopositivity in different neurodegenerative diseases was demonstrated in this study. These data will provide important insights into the pathogenesis of FTLD-TDP, and the future development of PGRN-based treatments for dementia.
